beam theory. The failure stresses of the sintered-silver interconnects were observed to be dependent on test-condition and test-material-system. The experimental simplicity of cantilever testing, and the ability to analytically calculate tensile and shear stresses at failure, result in it being an attractive mechanical test method to evaluate the failure response of interconnects.
Introduction
Semiconductors in electronic devices are usually subjected to a temperature gradient across their thickness due to the manner of active cooling of the devices or, in the case of thermoelectric (TE) devices, due to their inherent operation associated with active cooling or heating during direct energy conversion. An illustration of what can transpire in a TE device under a thermal gradient is shown in Fig. 1 . A temperature gradient across the semiconductor legs or pillars in a TE device will cause coefficient-of-thermal-expansioninduced deformation that will consequently subject the legs or pillars, and their interconnects or metallizations, to cantilever-induced bending and a multiaxial stress state that is a superimposition of tension, compression, and shear.
The sought-after electronic and thermal functions of the semiconductors can only be realized if the interconnects sustain sufficient mechanical strength and reliability throughout its lifetime. Therefore, the understanding, predictability, and maximization of the interconnect's mechanical performance is important.
Cantilever testing is a mechanical test method from which results and interpretations could promote greater understanding of the tensile and shear failure responses of interconnects, metallizations, or bonded joints in such a loading scenario illustrated in Fig. 1 . However, no literature could Abstract Cantilever testing is an underutilized test method from which results and interpretations promote greater understanding of the tensile and shear failure responses of interconnects, metallizations, or bonded joints. The use and analysis of this method were pursued through the mechanical testing of sintered-silver interconnects that joined Ni/Auplated copper pillars or Ti/Ni/Ag-plated silicon pillars to Agplated direct bonded copper substrates. Sintered-silver was chosen as the interconnect test medium because of its high electrical and thermal conductivities and high-temperature capability-attractive characteristics for a candidate interconnect in power electronic components and other devices. Deep beam theory was used to improve upon the estimations of the tensile and shear stresses calculated from classical be identified that describes or substantiates its use, and no other uniaxial test method can impart both tension and shear on an interconnect. Therefore, a primary goal of this study was to analyze this method and consider its efficacy of use.
Sintered-silver was used as the test medium interconnect in this cantilever-testing study, although other interconnect materials (e.g., solders, brazes, etc.) could have been used instead. The only prerequisite of a candidate interconnect for this study is that its adhesive and cohesive strength needed to be less than the coherent strength of the materials that the interconnect is bonded to. For the wide variety of existing TE materials that an interconnect could be bonded to, there is ample literature about their mechanical properties, including those published by the authors [1, 2] .
Sintered-silver is an increasingly popular interconnect material because of its high electrical and thermal conductivities, and high-temperature-capability. The sintered-silver literature has become plentiful since its initial considerations about 20-years ago, but the review by Siow [3] provides a good contemporary overview of its technology. While the present study is focused on assessing the applicability of the cantilever testing method, it is also generating additionally useful mechanical property data on a technologically relevant interconnect material.
The cantilever testing of pillars, to evaluate the interconnect that bonds them to a substrate or foundation, works for the following reasons. The elastic moduli of the pillars are much greater (~ 5-8× larger for the copper and ~ 3-5 larger for the silicon) than that of the porous sintered-silver interconnect, so the majority of the cantilever-induced deflection of the bonded pillars during testing comes from the deflection of the interconnect layer. Additionally, the cohesive tensile and shear strengths of the copper and silicon exceed those of the sintered-silver, so the experimentally measured cantilever response of the pillar-interconnect is dominated by the response of the sintered-silver interconnect itself. Therefore, the measured response in these tests are those of the sintered-silver interconnect even though cantilever loading is directly applied to the pillar at some distance away from the interconnect.
Here we discuss the use and analysis of cantilever testing, which were pursued through the mechanical testing of sintered-silver interconnects that joined Ni/Au-plated copper pillars or Ti/Ni/Ag-plated silicon pillars to DBC substrates. Deep beam theory was used to improve upon the estimations of tensile and shear stresses calculated from classical beam theory because of the geometry and loading of the pillars. The resulting failure stresses of the sintered-silver interconnects were observed to be test-condition and testmaterial-system dependent. Ultimately, it is suggested that the experimental simplicity of cantilever testing, and the ability to analytically calculate tensile and shear stresses at failure, make it an attractive mechanical test method to evaluate the failure response of interconnects.
Using deep beam theory (for L/d < 3)
The fundamentals of cantilever testing are schematically shown in Fig. 2 . The mechanical loading of a pillar subjects the interconnect or bonded interface to a combination of inplane shear and out-of-plane tension on the tool's contact side, and their separate contributions can be deconvoluted. When the pillar starts to deflect, the initial surface loading shown in Fig. 2a becomes a line-load as illustrated in Fig. 2b .
The maximum tensile stress in the pillar's interconnect (orthogonal to it) from classical beam theory (CBT) and cantilever loading (S Max_CBT ) [4] is where P is applied force, L is test height, w is pillar width (dimension perpendicular to loading direction), and d is pillar depth (dimension parallel to loading direction) as shown in Fig. 2 . The L term can also represent the leg or pillar height in a TE device like those shown in Fig. 1 .
The maximum shear stress in the pillar's interconnect (inplane) from CBT and cantilever loading (T Max_CBT ) is
The tensile and shear calculations represented by Eqs. 1, 2 are accurate when L/d is relatively large. An illustration of this is shown in Fig. 3 Deep beam theory (DBT), initially developed by Timoshenko [5] using theory of elasticity principles for shear stress formulation, provides more accurate solutions for deep beams with small L/d ratios. Inaccuracies arise in the CBT stress formulations because it assumes that plane sections before bending remain plane after bending. While this assumption is valid for prismatic beams (large L/d ratios), deep beams (L/d < 3) exhibit cross-sectional warpage that violates the sustained planarity assumptions of the CBT. The differences in the estimated stresses for both DBT and CBT are illustrated in Fig. 4 for L/d = 1. Work by several authors [6] [7] [8] [9] , as well as numerical analyses using FEA, clearly demonstrate that the flexural stress distribution in deep beams is not linear (Fig. 4) . The bending (flexural) stress in deep beams is appreciably nonlinear and thus deviates from the classical (Bernoulli-Euler) beam theory which is linear [4] . The reason for this stress nonlinearity is because plane sections before bending do not remain plane after bending resulting in the neutral axis shifting away from the centroidal location of the cross section.
For DBT, the maximum tensile stress (S Max_DBT ) is represented by [9] where β is the angle between the load and axial direction of the beam (pillar). If the direction of loading is orthogonal to the beam, then β is 90°. For the herein described experimentation, β = 90°, so the middle term in Eq. 3 is also equal to zero. However, upon examination of the deformations of
the TE legs or pillars of Fig. 1c , one can see that the cantilevering can indeed be non-orthogonal to the pillars, and such off-angle testing could be incorporated in cantilever testing if so desired. The first term in Eq. 3 is the same as that for the elementary flexural stress equation (i.e., S = MC/I where S is bending stress, M is the moment of inertia about the neutral axis, C is the perpendicular distance to neutral axis, and I is the second moment of inertia), the second term takes into account load orientation, and the third term corrects for the deep beam effect.
The maximum shear stress using DBT (T Max_DBT ) [5] for an interconnect with Poisson's ratio of 0.25 is Past results [10] indicate that this Poisson's ratio value is probably closer to 0.15 for the sintered-silver interconnect (and the T Max_DBT coefficient constant would be slightly greater); however, because porosity content was not measured for this study's interconnect layers, a Poisson's ratio of 0.25 is a sufficient assumption to use for demonstrating the calculation of this study's maximum shear stresses using the DBT.
Deep beam theory addresses what is occurring in flexure and shear when L/d is relatively small (i.e. short, fat beams), and its explanations are aided by the schematic diagrams of Fig. 5 . For flexure, there is a shift in the neutral axis resulting in a greater magnitude of tensile stress than compressive stress, (evident in Fig. 4a ). The shear stress is no longer uniform across the specimen's width, and the greatest magnitude is at the edges and its value is a function of material Poisson's ratio. In addition, Timoshenko and Roark did not provide distributions for the stress distribution; Timoshenko provided shear stress expressions at only the centroid and the edge location of the neutral axis (hence only one point could be plotted in Fig. 4 for DBT).
The use of DBT is therefore recommended to calculate tensile stress and shear stress in an interconnect resulting from cantilever loading of a pillar when L/d < 3. The calculations for cantilever-induced tensile-and shear-stress using CBT become less accurate as L/d decreases and if the Poisson's ratio is not considered. If DBT is not used to calculate the cantilever-induced tensile-stress for L/d < 3, then an inaccuracy of at least 2% exists with that inaccuracy increasing for decreasing L/d (see Fig. 6 ). Classical beam theory does not consider Poisson's ratio in its calculation of maximum shear, so inaccuracy will always result in its value unless DBT is used for all L/d (see Fig. 6b ).
Another observation arising out of the DBT stress analysis in Fig. 6 is the magnitude of tensile stress is always greater than that of shear for cantilever-loading. For any applied force on a cantilever pillar, the maximum tensile stress increases with L (Eqs. 1 or 3), whereas the applied maximum shear stress on the interconnect (Eqs. 1 or 4) is independent of test or cantilever pillar height; therefore, the ratio of the maximum tensile stress to maximum shear stress increases with L too.
Experimental procedures 3.1 Test specimen preparation
Examples of the fabricated and cantilever-test-ready specimens are shown in Fig. 7 . The fabrication sub-steps included preparation of the pillars, pillar plating, silver-paste printing on direct bonded copper (DBC) substrates and paste contact drying, pillar/silver-paste interconnection or mating, and finally interconnect sintering. Two pillar materials (copper, Cu, and silicon, Si) were prepared. Two sizes of Cu pillars, parallelpipeds of 2 mm × 2 mm × 4 mm and 5 mm × 5 mm × 10 mm, were cut and surface ground from a Cu billet. The intent of fabricating two sizes of the same pillar material was to study any sizescaling of failure response from cantilever testing. One size of Si parallelpipeds, 5 mm × 5 mm × 10 mm, were harvested out of a single crystal n-type ingot (El-Cat Inc., Ridgefield Park, NJ) by a commercial machine shop (Bomas Machine Specialties, Inc., Somerville, MA). The Si pillar sizes were identical to one of the copper pillar sizes, and the intent of this was to study the effect of pillar material on failure response from cantilever testing. A sufficiently large number of pillars were prepared to allow for the eventual cantilever testing of 16 specimens for each of nine test conditions.
The Cu and Si pillars were plated differently. The Cu pillars were electroless plated with nickel (Ni) using a standard Ni-sulfamate (phosphorus-containing) solution, followed by a top plating of gold (Au) using a standard, self-limiting immersion. The total thickness of the Ni/Au plating on the copper pillars was less than 10 µm. The plating of the Si pillars was done using sputtering (UHV Sputtering Inc., Morgan Hill, CA), and consisted of 100-nm thick titanium (Ti) deposited on the Si, followed by 200-300-nm thick Ni A commercially available sinterable-silver paste (Loctite Ablestik SSP 2020 Henkel Electronic Materials LLC, Irvine, CA) was used for the interconnect [11, 12] . Its wet paste was printed using a stencil having a 0.91 mm thickness and an 8-mm-diameter circular print (UTZ Technologies, Little Falls, NJ) onto 12.7 mm × 12.7 mm DBC substrates that were comprised of 0.3-mm-thick Cu cladding on a 0.6-mm-thick aluminum oxide ceramic substrate. The DBC substrate's Cu cladding was plated with electroless silver (approximately 4 µm thick) by the substrate vendor (Remtec, Norwood, MA).
The printed sinterable silver was dried via open-face contact drying [13] using a hotplate (Quick870, Madell Technology Corporation, Ontario, CA) for 270 s at 65 °C. 3 The surface temperature of the hot plate was monitored using an external K-type thermocouple. This drying method has been found to be effective for evaporating the paste's solvent without over-drying its exposed surface, thus enabling pressureless sintering. The plated pillars were then manually set onto the contact-dried paste. An external weight was applied for 3 s to impart a 34 kPa compressive stress; 4 this promoted sufficient surface adhesion between the plated-pillar and the printed pad without squeezing out too much of the silver paste. Forty-eight specimens of each of the three pillar sets were fabricated.
Lastly, pressureless sintering of the dried silver interconnects was conducted using the following thermal profile in an oven (Series 3600 oven, Applied Test Systems, Butler, PA):
i. 25-75 °C at 10 °C/min, ii. dwell at 75 °C for 60 min, iii. 75-250 °C at 10 °C/min, iv. dwell at 250 °C for 60 min, and v. natural cooling from 250-25 °C.
The 75 °C-dwell-segment was used to promote the removal of any residual solvent from the contact drying step.
The above procedures produced a final sintered-silver interconnect thickness of approximately 75 µm. The plating thicknesses only added a maximum of a few percent to the total "interconnect system" thickness.
Mechanical testing and analysis
Nine sets of 16 pillar-specimens each were cantilever tested and those sets are summarized in Table 1 . The nine sets represent combinations of three pillar-material sets, each tested at three heights. Height (L) is defined as the distance between the top of the printed sintered-silver pad to the location on the pillar where cantilever-loading was horizontally applied, as is illustrated in Fig. 8 . The bottom of the pillar was slightly below the bottom position of L; however, that distance (a few tens of µm) was small compared to the overall L, so the error of the definition of L is relatively small.
Cantilever testing of the pillar specimens was conducted using a commercial shear tester (4000 Bondtester, Nordson   Fig. 7 Examples of pillar specimens fabricated for cantilever testing. They are interconnected to square silver-plated DBC substrates using sinterable silver Dage, Fremont, CA). The DBC substrate was gripped with a vice fixture to restrict horizontal movement. Markings were placed on both the DBC substrates and pillars to identify cantilever testing direction. Uniaxial cantilever loading occurred using a tool, schematically illustrated in Fig. 8 , at one of three different L/d ratios (0.2, 0.8, and 1.4) and using a displacement rate of 25 μm/s until interconnect fracture occurred. The force at failure or fracture (fracture and failure are the same event in all tests) was recorded for every specimen.
The maximum tensile stress (S Max_DBT ) and shear stress (T Max_DBT ) at failure were calculated using Eqs. 3 and 4, respectively, for all the specimens. They were fitted against a two-parameter Weibull distribution using maximum likelihood estimation using commercially available software (WeibPar, Connecticut Reserve Technologies, Gates Mills, OH). Comparisons and interpretations were then made. Comparisons of 95% confidence ratio rings for each of the distributions were used to interpret difference among them.
Results and discussion
Correcting for DBT results in larger calculated values for maximum tensile and maximum shear failure stresses (Eqs. 3-4) as compared to those from CBT (Eqs. 1, 2) as is illustrated in Fig. 9 . The use of classical beam theory for L/d < 3 under-estimates the maximum tensile and shear stresses that cause interconnect failure.
The two-parameter Weibull distributions for all nine test sets are graphically shown in Fig. 10 and listed in Table 2 . 
Fig. 8 Schematic of the pillar loading arrangement and enlargement of the sintered-silver interconnect where cantilever-loading-induced failure is expected to initiate Fig. 9 The maximum stress at failure for deep beam theory (Roark and Timoshenko) analysis is higher than that from the classical beam theory analysis. The example shown for this difference is for the Si 5 mm × 5 mm pillar and an L/d = 0.8 test set. 95% confidence ratio rings represent this test set's two-parameter Weibull distributions for tension and shear failure stresses 95% confidence bounds are provided for all the sets using the likelihood ratio method. The relatively low Weibull moduli (relative large amount of scatter) for some of the test sets are an indicator of not-yet-fully mature sinterable-silver processing and are not an indictment of the cantilever test method.
The combination of a sintered-silver interconnect and a Ti/Ni/Ag-plated Si pillar was the strongest among the three material sets. The failure stress of the 5 mm × 5 mm sinteredsilver interconnect was higher when a Ti/Ni/Ag-plated Si pillar was bonded to it compared to when bonded to a Ni/ A smaller interconnect size tended to be stronger. For the sintered-silver interconnect with plated Cu, the 2 mm × 2 mm pillars had equivalent strength or were stronger than 5 mm × 5 mm Cu pillars. Such a trend in strength-size-scaling is not uncommon with brittle materials. Larger strength-limiting flaws can exist with larger bonding areas with, consequently, lower stresses are needed to cause their failure.
Compared to other literature values of tensile strength for sinterable silver, the estimated tensile failure stresses for the nine tests range from equivalent to higher-valued. Wang et al. [14] and Crouteau et al. [15] reported values of approximately 35 MPa. However, in both their studies, stand-alone films of sintered-silver were chemically removed from a substrate in order to tensile-test them, so any degrading effect of that removal step on their measured strengths is an unknown. Regardless, the measured tensile failure stresses in the present study were at least as great as those measured in those two studies, and the net effects of the employed interconnect-plating-pillar materials are sampled in the present study's cantilever testing, unlike in those two studies.
With the exception of the Ti/Ni/Ag-plated Si set tested at an L/d = 1.4, the amount of scatter for all the test sets were similar as represented by their similar Weibull moduli. The cause(s) for this lone test set's Weibull modulus being higher (with 95% confidence) is not yet known (failure analysis was inconclusive).
Larger experimental error likely existed with the cantilever testing of the 2 mm × 2 mm × 4 mm Ni/Au-plated copper pillars. This is due to the relatively short values of L = 0.4 mm, 1.6 mm, and 2.8 mm for L/d = 0.2, 0.8, and 1.4, respectively, and because the ratio of the interconnect thickness to L was larger than that for the two (taller) 5 mm × 5 mm × 10 mm test sets.
Finite element analyses were conducted with the two 5 mm × 5 mm × 10 mm test sets and their results suggest that residual stress differences (due to mismatches of coefficients of thermal expansion among the constituents, and dissimilarities of those mismatches between the siliconand copper-pillars) could have contributed to the measured tensile failure stresses being larger for the silicon-pillars. Specifically, the processing-induced residual stresses in the sintered-silver interconnect (perpendicular to the interconnect or aligned with the axis of cantilever-loading-inducedtension) were compressive and tensile for the silicon-and copper-pillars, respectively. This is illustrated in Fig. 11 . Therefore, a greater amount of tensile stress from cantileverloading would need to be applied to the silicon-pillars in order to reach the cohesive or intrinsic shear failure strength of the sintered-silver interconnect itself. Parasitic-failure (contact-induced fracture on the siliconpillar edges) was sometimes introduced by the test tool for the lowest cantilever test height (L/d = 0.2). This shows: silicon can fracture at lower contact stresses than those tensile/ shear stresses that cause interconnect system failure, contact damage susceptibility of the silicon is likely affected by how the silicon was machined, or ground or sliced, and postmortem failure analysis would be warranted to explain or censor the measured strength responses if such data were used for design purposes (outside the scope of this study).
Such parasitic tool-contact-induced failures are an important observation because they often are a hindrance to the valid shear testing of interconnects bonded to thin semiconductor die such as those used in power electronic devices. Such testing has an inherently low L/d ratio (smaller than Fig. 11 Differences in the CTE-mismatch-induced residual stresses may have contributed to the (a) Cu pillars requiring less applied force for their interconnects to fracture than those of (b) the Si pillars. The interconnect bonded to the Si pillars had larger axial residual compressive stresses in it compared to that bonded to the copper pillars (negative and positive values in the bottom two images represent compression and tension, respectively) Fig. 12 The L/d ratio for the shear testing of interconnected semiconductor die is low-valued, so the use of deep beam theory for the calculation of maximum shear stress is warranted Fig. 13 The cracking of thin die (i.e., thin pillars) often inhibits the quantification of interconnect failure stress and is a parasitic test event. Cantilever testing taller (larger L) pillars of the die material with the same w and d can potentially circumvent this issue and cause the interconnect to fail at a force lower than what might cause pillar fracture at the loading point, thus enabling quantification of the interconnect's failure stress the smallest L/d = 0.2 tested in this study) as illustrated in Fig. 12 . The brittle, weak, and thin semiconductors often cannot withstand the relatively large contact forces needed to cause failure of the interface (even if a compliant layer is used between the test tool and die) and they will consequently chip and fracture if the die has a sufficiently larger d and w (example shown in Fig. 13) . If the failure response of a candidate interconnect material requires study and quantification, and if tensile-induced failure is a possibility, then an elegant and potential way to suppress this parasitic effect is to bond (surrogate) tall pillars, like those investigated in this study, but that have the same d and w dimensions of the semiconductor die. Its larger L will increase the likelihood that the interconnect will fail at a lower force than that for the semiconductor material, and that the failure stress of the interconnect can be quantified.
Cantilever testing was found to enable effective mechanical evaluation of interconnects. The experimental simplicity of the cantilever test method, and the ability to analytically calculate tensile and shear stresses in an interconnect associated with cantilever loading, lends itself to quantifying the strength of interconnects (or metallizations or bonded joints) and even potential test standardization.
Conclusions
Uniaxial cantilever loading of a pillar subjects its interconnect, metallization layer, bonded joint to a superimposition of flexure and shear stresses. The magnitudes of the flexure-induced tensile or compressive stresses and the shear stresses are a function of the interconnect's depth and thickness, the test height on the pillar at which the cantilever force is applied (or the distance from the interconnect's plane), and the Poisson's ratio in the case of the shear stress.
The magnitude of axial tensile stress in the interconnect is greater than in-plane shear stress for cantilever loading. For any applied cantilever force, the applied maximum shear stress on the interconnect is independent of test height, L, whereas tensile stress increases with it; therefore, the ratio of the maximum tensile stress to maximum shear stress increases with test height, L.
Deep beam theory was relevant for interpreting the cantilever-loading imposed stresses in the interconnect. The use of DBT is recommended for calculating tensile and shear stresses in an interconnect resulting from cantilever loading of a pillar when the ratio of distance-of-cantilever-loading (i.e., test height, L) to pillar depth (d) is L/d < 3. The calculations for cantilever-induced tensile-and shear-stress using classical beam theory become less accurate as L/d decreases and if the Poisson's ratio is not considered. If DBT is not used to calculate the cantilever-induced tensile-stress for L/d < 3, then an inaccuracy of at least 2% exists with that inaccuracy increasing for decreasing L/d.
Cantilever testing enables effective mechanical evaluation of interconnects. The experimental simplicity of the cantilever test method, and the ability to analytically calculate tensile and shear stresses in an interconnect associated with cantilever loading, lends itself to quantifying the strength of interconnects, metallization, and bonded joints, and for possible test standardization.
The sintered-silver interconnect with titanium (Ti)/nickel (Ni)/silver (Ag)-plated silicon (Si) was strong. The tensile failure stress of the 5 mm × 5 mm sintered-silver interconnect was greater when a Ti/Ni/Ag-plated Si pillar was bonded to it compared to a Ni/gold (Au)-plated copper (Cu) pillar despite the sintered-silver interconnect being identically processed. Different coatings (Ti/Ni/Ag vs. Ni/Au), coating methods (sputtering vs. electroless plating), different coefficient-of-the-thermal-expansion-induced residual stresses (Si vs. Cu pillars relative to DBC substrates), or combinations thereof could have contributed to the observed difference in failure stress.
Smaller interconnects tended to be stronger. For the sintered-silver interconnect with Ni/Au-plated Cu pillars, the 2 mm × 2 mm pillars had equivalent strength or were stronger than 5 mm × 5 mm Cu pillars. Such a trend in strength-size-scaling is not uncommon with brittle materials. Larger strength-limiting flaws can exist with larger bonding areas, with lower stresses being consequently needed to cause their failure.
